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Scanning ion conductance microscopy revealed
cisplatin-induced morphological changes related

to apoptosis in single adenocarcinoma cellst

Yusuf Muhammed

and Robert A. Lazenby

*

The studies of drug-induced apoptosis play a vital role in the identification of potential drugs that could treat

diseases such as cancer. Alterations in the native morphology of cancer cells following treatment with

anticancer drugs serve as one of the indicators that reveal drug efficacy. Various techniques such as

optical microscopy, electron microscopy (EM), and atomic force microscopy (AFM) have been used to
map the three dimensional (3D) morphological changes in cells induced with drugs. However, caution

should be exercised when interpreting morphological data from techniques that might alter the native

morphology of cells, caused by phototoxicity, electron beam invasiveness, intrusive sample preparation,

and cell membrane deformation. Herein, we have used scanning ion conductance microscopy (SICM) to
study the 3D morphology and roughness of A549 adenocarcinoma cells under physiological conditions
before and after cisplatin induced apoptosis, where we observed an increase in height, overall shrinkage
of the cells, and irregular features form on the cell membrane. Tracking the morphology of the same

single A549 cells exposed to cisplatin unveiled heterogeneity in response to the drug, formation of
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membrane blebs, and an increase in membrane roughness. We have also demonstrated the use of SICM

for studying the effect of cisplatin on the dynamic changes in the volume of A549 cells over days. SICM
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1. Introduction

An understanding of anticancer drug-induced apoptosis is valuable
in the identification of potential drugs for cancer treatment.'
Morphological changes observed during apoptosis can guide the
investigation of the molecular pathways through which anticancer
drugs exert their effects.>® There are a number of methods used to
study apoptosis-induced morphological changes of cells,* including
bright-field microscopy,” phase-contrast microscopy,® differential
interference contrast microscopy,” fluorescence microscopy,®
confocal microscopy,’ and electron microscopy (EM).* Most of the
light microscopy methods cannot provide three-dimensional (3D)
topographical details, and studying small portions of the cell
membrane at high resolution is not feasible."** White light inter-
ferometry is a label-free optical technique with high axial resolution
that uses coherent light waves to generate a 3D profile of a surface.
However, imaging the complexity of cell surfaces such as microvilli
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is demonstrated as a technique for studying the effect of drug induced apoptosis in the same cells over
time, and for multiple different single cells.

is beyond the capability of this technique, and its potential appli-
cations in microbiology measurements remain unexplored.***
Although fluorescence microscopy has enabled the imaging of
labelled structures on the cell membrane, the fluorophore used
might be invasive.'**® The 3D images of cells can be captured with
a confocal microscope, but the technique is used in conjunction
with fluorescence microcopy, which involves labelling and some-
times fixation of cells. Additionally, the use of an intense laser light
source in confocal microscopy can cause photobleaching and
phototoxicity, which is problematic for revealing the native
morphology of healthy cells.”

Scanning electron microscopy (SEM) is one of the gold
standard methods for imaging the 3D topography of cells,
including cell surface features such as microvilli, while trans-
mission electron microscopy (TEM) is suitable for imaging
subcellular structures such as organelles. However, the invasive
nature of the electron beam makes EM not suitable for imaging
live cells, while the lengthy sample preparation (which may
involve primary and secondary fixation, dehydration, drying,
and coating with conductive material) and imaging time, make
high throughput studies impractical.**** Therefore, there is
a need for non-invasive and label-free methods for studying live
cell morphology over time.**** Also, the discovery of new
methods for apoptosis studies will impact the understanding of
apoptosis at cellular and tissue level.”®
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Atomic force microscopy (AFM) is a label-free and well-
established scanning probe microscopy (SPM) technique that
offers high resolution imaging of the 3D topography of single
cells,”*® but due to the likelihood of contact between the AFM tip
and the cell membrane, imaging mammalian cell lines is chal-
lenging, as the cantilever tip can deform the cell membrane and
only information about the cytoskeleton can be obtained.***
SICM is a non-contact, non-invasive, and label-free SPM technique
that uses a sharp nanopipette for studying the 3D topography of
live cells in aqueous cell culture media under physiological
conditions and with nanometer resolution.** After the adherence
of cells to a Petri dish surface, there is no need for further sample
preparation, such as staining or labelling, as the cells are imaged
using SICM within a few minutes in cell culture media.>* These
attributes have enabled SICM to be used for studying dynamic
changes in the morphology of cells over time.** The technique is
also used to acquire topography maps of small regions of the cell
membrane with high resolution, in order to study complex bio-
logical structures.** SICM has been used to map a variety of cell
lines to acquire biological information, such as the presence of
endocytic pits, interactions of viral-like particles with the cell
membrane,* single particle interactions with lung cells,*
dynamic changes in the morphology of platelets,** mechanical
properties of cancer cells,® granules containing insulin on the
membrane of INS-1 cells,* cilia on the membranes of RPE-1 and
MDCK cells,* effects of applied bioactive substances on the
surface structure of cardiomyocytes cells,**> and the nanoscale
structure of renal cells.** However, to the best of the authors’
knowledge, this technique has not been used for the study of
drug-induced morphological changes in single cancer cells.

Herein, we have utilized the non-invasive and label-free
features of the SICM technique to study cisplatin-induced
morphological changes in single A549 cells, which are lung
carcinoma epithelial cells that mediate the transport of elec-
trolyte and water across the alveoli.** Cisplatin is a widely used
chemotherapy drug, that has been shown to be effective in the
treatment of cancers of the bladder, lungs, testicles, and
ovaries.® The drug alters DNA synthesis in cancer cells, leading
to apoptosis,*® and exerts various effects on the morphology of
cancer cells, such as cell shrinkage (cellular components
condensation), nuclear alteration (compact packaging of DNA),
cytoplasmic changes (blebbing of cytoplasm), formation of
apoptotic bodies (membrane fragmentation into smaller
membrane bound vesicles), and loss of cellular adhesion
(disconnection of cells from tumors).*”** In this work, we
demonstrate the effects of cisplatin on A549 cell height, width,
volume and surface roughness, by recording SICM images at
various time intervals before and after exposure to the drug. We
believe this tool will be useful in tracking the effects of a range
of drugs on single cells of various types.

2. Experimental
2.1 A549 cell culture

A549 human adenocarcinoma lung epithelial cells were
originally obtained from ATCC, and received as a gift from the
lab of Qing-Xiang Amy Sang at Florida State University. The
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cells were cultured in Dulbecco's modified Eagle medium
(DMEM) (VWR, North America), supplemented with 10% fetal
bovine serum (FBS) (VWR, North America), inside a 75 cm?
flask (VWR, North America). The cells were stored in a CO,
incubator (VWR, North America) at 37 °C and 5% CO, level,
and split when confluent by detaching them from the 75 cm?
flask using trypsin-Ethylenediaminetetraacetic acid (EDTA)
solution (Fisher Scientific). For SICM experiments, cells were
sub-cultured by splitting the 75 cm? flask into a 3.5 cm
diameter tissue culture treated Petri dish (VWR, North
America) in 3 mL media, and allowed 24 h for attachment. All
cells used in SICM were in cell culture media that mimics
physiological conditions, without staining or further sample
preparation.

2.2 Treatment of A549 cells with cisplatin

Cisplatin, the anticancer drug, was purchased in powder form
from Fisher Scientific and dissolved in phosphate-buffered saline
(PBS) solution (pH = 7.4) to make a stock solution of 500 uM. Our
stock solution was prepared in PBS solution rather than dimethyl
sulfoxide (DMSO), which has a nucleophilic sulfur that can coor-
dinate with platinum complexes and lead to the inactivation of
cisplatin. The stock solution was added to cell culture media to
give a final cisplatin concentration of 25 pM for all studies,*
except in the case where we used 100 UM to examine the effect of
elevated concentration. Typically, the concentration of cisplatin
used in mammalian cell culture is in the range of 2 uM-100 puM.*
In our work we used 25 uM cisplatin, as also used in studies by Xu
et al., Arany et al., and Mortensen et al.>*>®

A549 cells (at densities ranging from 9 x 10° to 5 x 10*
mL~") were treated with 25 pM of cisplatin for drug studies, and
control A549 cells were treated with the vehicle (PBS solution
used to dissolve cisplatin) only. We have used low density A549
cells in our SICM imaging studies to enable the selection of an
isolated single cell. The effect of the drug was studied using
both optical microscopy and SICM over various time periods, up
to 3 days. After imaging using SICM, cells not treated with
cisplatin had the media replaced with fresh media containing
the drug, and the treated cells were imaged again using SICM at
various time intervals. The choice of the control experiments
and the imaging time interval were guided by the work of
Brandhagen et al.>®

2.3 SICM

Nanopipettes were fabricated from quartz capillaries with an inner
diameter (ID) of either 0.7 or 0.5 mm, and an outer diameter (OD) of
1.0 mm (Sutter instruments), using a laser-based pipette puller (P-
2000, Sutter instrument Co.). Two different sets of parameters
were used, which were: heat = 475, filament = 1, velocity = 30, delay
= 145, pull = 175 for the capillaries with L.D. of 0.7 mm and O.D. of
1.0 mm, and heat = 465, filament = 1, velocity = 30, delay = 145,
and pull = 175 for the capillaries with LD. of 0.5 mm and O.D. of 1.0
mm. The size of the nanopipettes used was determined to be
between 30 and 100 nm inner radius, by performing a cyclic vol-
tammogram (CV) between —0.5 and 0.5 V vs. Ag/AgCl in a 1.0 M KCl

This journal is © The Royal Society of Chemistry 2024
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solution (see ESI Fig. S1at), in order to determine the nanopipette
resistance, R;, using

V=1IR, (1)

where I is the maximum current of the CV, and Vis the bias applied.
This measured resistance (R;,) was then used to calculate the inner
radius, r;, of the nanopipette using

Ry= & @)

oTtr; tan «
where « is the semi cone angle of the nanopipette, which was 3°
as determined by SEM, and ¢ is the electrolyte conductivity,
which was 1.35 S m™" for the 1.0 M KCI testing solution
used.***”*® Fig. S11 shows example of a CV (Fig. S1atf) and an
SEM image (Fig. S1bf) of a nanopipette with a diameter of
~80 nm.

For SICM imaging, a custom-built set up was used (Scheme 1).
The nanopipettes were backfilled with 0.1 M KCl solution, and then
a silver chloride coated silver wire (Ag/AgCI) was inserted into the
nanopipette, which served as a quasi-reference counter electrode
(QRCE). The AgCl layer was formed by immersing a clean silver wire
into sodium hypochlorite solution (i.e. bleach) for 5 minutes, then
washing with distilled water. A second Ag/AgCl QRCE was placed
into the external bathing solution. After locating and selecting
a single cell using an inverted microscope (Axio Vert.A1, ZEISS), the
nanopipette was then attached to a tip-holder mounted directly to
the z-piezoelectric positioner (P621.ZCD, Physik Instrumente, PI)
which was controlled by the z-piezo controller (E-709.CRG, PI). The
tip of the nanopipette was immersed into the DMEM media, while
positioning it in the vicinity of the membrane of the selected single
cell, that was on the Petri dish that was mounted on the x and y
piezoelectric positioners (Nano-BioS300, Mad City Labs Inc., MCL),
which were controlled by an xy-piezo controller (Nano-Drive, MCL).
The topography of the cell was scanned using the hopping mode,
which involves first running an ion current approach curve to locate
the surface, followed by repetitive approach and retracts while
scanning the sample in the x and y directions in a raster manner
after each retract. The ion current used for imaging was generated
by applying a voltage of 0.5 V vs. Ag/AgCl using a potentiostat
(CHEM-CLAMP 5-MEG, Dagan Corporation).

In this study, the topography of the whole cell was map-
ped using lower spatial resolution parameters (1000 nm
lateral resolution), while the topography of the small portion
of the cell was mapped using higher spatial resolution
parameters (200-500 nm lateral resolution). Therefore, this
1 um hopping distance dictated the accuracy (resolution) of
our width measurement. Scan dimensions used were
between 20 x 20 um and 40 x 40 pm for the measurement of
the topography of whole cells, 10 x 10 um for mapping the
roughness of the cell membrane, and 15 x 15 pm for
mapping the edge of the cell. An approach rate of 20-50 pm
s~ ! (that gives imaging time of 11 min) and a retract rate of
50-100 um s~ ' (that gives imaging time of 6 min) were used
throughout the studies. The whole imaging process was
controlled from LabVIEW software, on a computer equipped
with a field programmable gate array (FPGA) card (PCle-

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 The use of SICM as a label-free tool for studying the 3D
topography of A549 cells, treated and untreated with cisplatin. (a) Our
custom built SICM set up comprises of: the z piezo to which the
imaging probe was mounted, and controls the vertical movement of
the imaging probe, which was controlled by a z piezo controller; an xy
piezo that holds the Petri dish containing cultured cells and media, and
controls the movement of the sample, controlled by an xy piezo
controller; and an inverted optical microscope used for selection of
a single cell and aid in tip positioning. A potentiostat was used to apply
a bias (0.5 V) between the Ag/AgCl electrode inside the nanopipette
and the second electrode in the bathing solution, which generates
a current due to ion flow. This ion current was used as the feedback
signal to prevent the nanopipette from touching the cell surface. (bf(i))
An ion current approach curve is generated as the probe is translated
towards the substrate. (b(ii)) SICM topography mapping shows a cell
grown in PBS and DMEM. (bf(iii)) The 3D SICM topography map of
a drug-treated cell.

7852R, National Instruments, NI). All data were analyzed,
and images were plotted using MATLAB (R2021a, Math-
works), and interpolation was used to improve the image
quality, although non-interpolated images were used to
verify apparent features.

2.4 Statistical analysis

T-tests (paired and unpaired) and one-way analysis of vari-
ance (ANOVA) were performed using Prism 6.0 (GraphPad
Software) to compare the mean heights, widths, and volumes
of A549 cells that were treated with cisplatin, against cells
that were not treated. All statistical data are represented as
the mean =+ standard deviation (SD).

3. Results and discussion

3.1 Cisplatin affects the morphology of A549 cells observed
using optical microscopy and SICM

Apoptosis, also known as programmed cell death, is a homeo-
static mechanism essential for maintaining cell growth and
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development. Pathological apoptosis also exists, where cells
either exert excessive (as seen in autoimmune disease) or
insufficient (as seen in cancer) apoptosis.” However, apoptosis
can also be triggered by anticancer drugs, which can lead to
DNA damage and cell death through the p53 pathway.>'**
Briefly, DNA harm by a drug (cisplatin), will trigger the activa-
tion of ataxia telangiectasia mutated (ATM) protein and ataxia
telangiectasia and Rad3-related (ATR) protein, and then they
trigger the activation of tumor protein p53, that stimulates p53
upregulated modulator of apoptosis (PUMA). This results in the
inhibition of B-cell lymphoma 2 (Bcl-2) and activation of Bcl-2-
associated X (Bax) protein and Bcl-2 homologous antagonist/
killer (Bak). The overall effect is the activation of caspase 7
and 3 that allow apoptosis to proceed (Fig. 1a).

Optical microscopy has been widely used in previous studies
to observe the morphological changes of cells during anticancer
induced apoptosis. We first used optical microscopy as
a conventional method to study the effects of cisplatin on the
morphology of A549 cells (Fig. 1), and to establish the appro-
priate conditions for the SICM experiments. Cooper et al., have
reported that the epithelial cells of the alveolar (such as A549
cells) are known to have a flattened squamous appearance.**
A549 cells that were neither treated with cisplatin or PBS
(denoted as untreated) did not show altered morphology
(Fig. 1b(i) and (iv)), and the same observation was made in cells
treated with PBS only (denoted as —cisplatin) after 24 and 48 h
(Fig. 1b(ii) and (iii)). The confluency of the PBS treated cells
increases, with 48 h having the highest confluency of ~80%
(Fig. 1b(iii)), whereas treatment with cisplatin (denoted as
+cisplatin) after 24 and 48 h has resulted in altered morphology
and decrease in confluency (Fig. 1b(v) and (vi)).

The observations made using optical microscopy serve to
demonstrate the information that can be obtained using this
conventional method, to understand the effect of cisplatin on
the morphology of A549 cells. The studies of the mediation of
apoptosis of cancer cells by cisplatin are well established,*
making it a good framework for validating the potential of SICM
for application in the understanding of drugs that induce
apoptosis in cancer cells.

We have used SICM to measure the topography of a number
of different individual A549 cells in DMEM, treated with PBS
solution only (—cisplatin) and another group of A549 cells
treated with PBS containing cisplatin (+cisplatin) after 24 h
(Fig. 2). A549 cells that were not treated with cisplatin main-
tained their normal squamous appearance after 24 h growth
(Fig. 2a), while 24 h after treatment with cisplatin have resulted
in morphology alteration (Fig. 2b).

Fig. 2¢ shows schematically how cisplatin causes alteration
of shape in single A549 cells, and our SICM results have shown
a significant difference (P < 0.001) in width between cells that
were not treated with cisplatin and the treated ones (Fig. 2d).

Some of these morphological changes are associated with
blebbing of the membrane in some single cells (Fig. 2b(i) and
(if), marked with white arrows) and rounded/oval appearance
(Fig. 2), as seen in optical microscopy. This is consistent with
previously reported studies that apoptotic cells appear rounded
or irregular after treatment with cisplatin.®** Povea-Cabello
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Fig. 1 The effect of cisplatin on the morphology of A549 cells
observed using optical microscopy. Untreated represents A549 cells
not treated with the PBS or cisplatin. (a) Schematic showing the
mechanism of cisplatin triggering intrinsic apoptosis. (b(i)) Cells
allowed to adhere to the surface of a Petri dish for 24 h. (bf(ii) and (iii))
The treatment of A549 cells with PBS after 24 and 48 h did not alter the
native morphology of A549 cells. (b(iv)) Another group of cells allowed
to adhere to a Petri dish surface for 24 h. (b(v) and (vi)) Cells treated
with cisplatin, which have shown significant changes in their
morphology after 24 and 48 h. All scale bars are 25 um.

et al., have reported that the rounded and irregular appear-
ance is due to the kinetics of the cytoskeleton reorganization
when apoptosis is initiated.*

The width measurement in our study is defined as the
shortest distance across the cell body. Specifically, we identified
the approximate region across the cell to record the width, then
found the pixel at each side of the cell that deviated by more
than 100 nm above the Petri dish. The noise level of the
measurement based on imaging a flat Petri dish surface is
100 nm, as shown in Fig. S7.1 This definition allowed us to
capture a consistent and representative portion of the cell. We
acknowledge that other methods of defining cell width include
using the full width at half maximum (FWHM) across a line over
the cell, as reported by Cao et al., Steifert et al., and Bednarska
et al.,>”***® while using the longest distance of a cell for length

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Mapping of the topography of different single A549 cells
treated with PBS vehicle only (—cisplatin) and with cisplatin (+cisplatin)
after 24 h. (a(i)—(iv)) Treatment of A549 cells with vehicle did not show
any changes in morphology. (b(i)—(iv)) Cells treated with cisplatin have
shown decrease in width, and presence of blebs which are marked
with white arrows. (c) A schematic of the morphological change of
a cell, that is caused by exposure to cisplatin. (d) The width and (e)
height of cells treated with the vehicle and cisplatin are significantly
different, using an unpaired t test (****P < 0.0001, n = 12). Scale bar: 10
um.

measurement has been described by Yoda et al. (2022).2* We
have chosen not to use FWHM method to avoid potential loss of
information in the cell body, especially given our interest in
comparing specific parts of the cell body before and after
apoptosis. The width measurement adopted in our studies has
been demonstrated by Osiro et al. (2012).°” Our definition of
width provides a normalized measure of width, taking into
account variations in cell size and shape.

There is also a significant difference (P < 0.0001) in height
between cells that were treated with PBS and those treated with

This journal is © The Royal Society of Chemistry 2024
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cisplatin (Fig. 2e), this effect cannot be determined using
optical microscopy that gives 2D information about cells. The
effect of the drug on the height of A549 cells has not yet been
reported and is open for future investigation. We propose that
part of the contribution to the increase in height of the cells
might be due to the formation of bulges on the membrane,
which is known for cancer cells during apoptosis.®® Additional
topographical maps are shown in the ESI,} for different single
cells treated with PBS (Fig. S2at) or cisplatin (Fig. S2bt) after
24 h.

As an additional control experiment to show that the vehicle
had no effect on the cell morphology, we scanned the topog-
raphy of untreated and PBS treated single A549 cells (Fig. S2c¥).
To further confirm the effect of the drug on the width and
height of single A549 cells, and another different group of
untreated and cisplatin treated A549 cells were also imaged
(Fig. S2df).

3.2 Longitudinal mapping of A549 cells treated with
cisplatin to monitor dynamic morphological changes

An understanding of the response of the same A549 cells to
cisplatin over time is necessary for studying dynamic morpho-
logical changes. SICM allows for continuous topography
measurement over several days, and has been reported for the
studies of stem cells during osteogenic differentiation,* where
individual images can be recorded relatively quickly, in the
course of a few minutes.”” We first performed a 24 h control
measurement to confirm that the SICM imaging environment
does not alter the native morphology of a single cancer cell over
time, where we observed no changes in morphology (Fig. S37).
Tracking the topography of the same live single cancer cells
(untreated with anticancer drugs) is challenging due to cell
division, migration/motility, and as well as change in cell shape
as part of physiological processes of live cells, resulting in an
increase in cell confluency over time.”>”*

After confirming that SICM is non-invasive to live cells, we
then used the technique to follow the topography of the same
single A549 cells (before and after cisplatin apoptosis) and scan
their morphology over 3 days at 12 h intervals (Fig. 3). The data
presented in Fig. 3 is a single day measurement because
a significant change in morphology was observed after 24 h
treatment with cisplatin, that was attributed to apoptosis. The
continuation of some of the 3 days measurement is presented in
the ESI (Fig. S47). Prior to treatment with cisplatin, single A549
cells exhibited their native morphology (Fig. 3a(i), b(i) and c(i)),
and 12 h after treatment with cisplatin one of the single cells
studied did not show significant changes in its morphology
(Fig. 3a(ii)), while the other single cells studied have shown an
increase in height and decrease in width (Fig. 3b(ii) and c(ii)).
This discrepancy might be explained by the heterogeneity of
single cells in responding to drugs. Reported studies have
shown that tumor cells are heterogeneous, and much variation
occurs at the single cell level, which may affect the therapeutic
response.”>”* After 24 h cisplatin treatment, all of the single cells
exhibited a reduction in width and an increase in height
(Fig. 3a(iii), b(iii) and c(iii)), followed by a decrease in height
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Fig. 3 Dynamic changes in the morphology of A549 cells before and
during apoptosis over 24 hours. (a—c) The dynamic changes in the
morphology of some selected single A549 cells over 24 h, prior to the
addition of cisplatin (i, —cisplatin), 12 h after the addition of cisplatin (ii,
+cisplatin), and 24 h after cisplatin was added (iii, +cisplatin). There was
a significant difference in the width (d) and height (e) of A549 cells after
24 h treatment with cisplatin. All images were captured using 30 x 30
um in the x and y dimensions. *P < 0.05, n =4, and ns = not significant.

after 72 h. The decrease in height might be associated with late
stage apoptosis, characterized by extensive remodeling of the
membrane.” Fig. 3d and e show the comparison (using one way
ANOVA) of width and height from the same A549 cells before
and 24 h after treatment with cisplatin.

The pronounced alteration in the morphology of A549 cells
after 24 h signifies the effect of cisplatin on inducing
apoptosis. We have achieved this feat of continuous
measurement in the same single cells because after the initial
SICM imaging of a single A549 cell, we were able to return
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back to the selected single cell by marking the Petri dish with
identifiable features used to locate the exact same cell. A
typical single cell was imaged for a duration of 11 min, and
returned to the incubator between scans. Mapping the same
single cell over multiple days is challenging, due to migration
of cells,”*’” and cells require being returned to the incubator
between experiments, to maintain appropriate temperature
and CO, levels. Treatment of cells with cisplatin does not only
result in the alteration of morphology, but also results in the
inhibition of migration of single cells. Fig. 3, S3 and S47 all
show that we can successfully select a single cell and scan it
using SICM over many days when the cells remained in their
exact position. In a situation where cells became completely
detached from the Petri dish, further imaging by SICM was
not possible. Therefore, SICM mapping at 12 h intervals for 3
days captured the topography of the same single A549 cells
prior to treatment with cisplatin, and after treatment with
cisplatin. This was used to elucidate the temporal dynamics
in the morphological changes of single A549 cells, and we
revealed differing responses of the cells to cisplatin associ-
ated with cell heterogeneity.

We have also mapped the topography the same single A549
cells using higher concentration of cisplatin (100 uM), where
we observed decreased in the height of the same A549 cells
after 8 h treatment with the drug, resulting to decrease in
volume (Fig. S51). This might be associated with accelerated
apoptosis in A549 cells. The higher the concentration of
cisplatin, the higher the number of non-viable cells.*®
Studying the effect of different concentration of anticancer
drug on the apoptosis of single cancer cells is a new area of
research.

Our findings of mapping the same A549 cells treated with
cisplatin have revealed that drug treated cells have dis-
played the presence of irregularities and fragmentation on
their cell membranes (Fig. 3a(iii), b(ii), (iii) and c(ii)). These
irregularities might be blebs that form apoptotic bodies. In
these lower resolution whole cell images, the topography
maps suggest we captured the process of bleb formation.
Membrane blebbing was observed after 12 h exposure to
cisplatin, which was associated with an increase in the
height of cell and protrusion formation (Fig. 3b(ii)), fol-
lowed by the initiation of budding or fragmentation
(formation of apoptotic bodies) after 24 h exposure to
cisplatin (Fig. 3b(iii)). Wickman et al. reported that during
the progression of apoptosis, the cell body forms blebs,
which then break from the membrane and form apoptotic
bodies.”® The formation of blebs on the membrane is
mediated by the delamination of the cortical cytoskeleton
from the membrane, resulting in the formation of bulges,
which are subsequently expanded by hydrostatic pressure as
a result of cellular contraction, facilitated by actomyosin.
The blebbing of the membrane is regarded as one of the
hallmarks of apoptosis triggered by cisplatin.”®®® This
apparent observation of blebbing motivated us to perform
a higher resolution mapping over the cell membrane (vide

infra).

This journal is © The Royal Society of Chemistry 2024
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3.3 Higher resolution topography mapping of the
membrane of A549 cells

Membrane structures such as filopodia and lamellipodia are
crucial in adhesion, migration, cell-to-cell contact, and
signaling of cells.*® We have used SICM to scan the edges of
single cells where filopodia and lamellipodia projections occur.
Our data have shown that A549 cells not treated with cisplatin
have their filopodia and lamellipodia projecting out from the
cell body, (Fig. 4a and S67), compared to 24 h drug treated A549
cells which show the loss of filopodia and lamellipodia, and in
which the edge of the cell is characterized by spherical
appearance (Fig. 4b). Fig. 4c shows the line scans over cells
without (4c(i)) and with membrane blebbing (4c(ii)). Also, there
is a significant difference (P < 0.0001) between the height of PBS
and cisplatin treated cells from mapping of the edge of single
A549 cells (Fig. 4d). Cisplatin-induced alteration of filopodia
and lamellipodia further suggest the negative effect of the drug
on the adhesion and motility of A549 cells.

Fig. 4e shows the mean + SD of the heights and widths (1.8 +
0.7 pm and 2.6 £ 0.5 um) of blebs on the membrane of A549
cells. The heights of the bulges were determined by taking the
difference of the cell height adjacent to the bulge and the cell
height on the bulge, while the width was determined by
measuring the shortest distance across the bulge (in a similar
definition to the whole cell width determination).

We have also used SICM for the high-resolution mapping of
the topography of a small membrane region within the cell
body. Fig. 5 shows the high-resolution mapping of the
membrane of single A549 cells over 12 h aiming to unravel the
complexity of the changes occurring in the membrane features.
Prior to treatment with cisplatin, the membrane appeared
smooth (Fig. 5a(i), b(i), c(i) and d(i)). After treatment with
cisplatin for 12 h (Fig. 5a(ii), b(ii), c(ii) and d(ii)), there was
a significant change in morphology, and the membrane also
appeared to form a bleb as well as showing an increase in
height, as vividly captured by SICM. The sizes of blebs captured
in our studies match well with a study by Kakarla et al., that
showed bulges that form apoptotic bodies have diameters in the
range of 0.05 to 5 pm.*” However, our hopping distance of
200 nm limits our ability to measure bulges that are less than
200 nm in diameter. Fig. S71 shows the roughness of the Petri
dish, illustrating the low noise level of our instrument, and
validating the surface roughness observed on the cell
membranes.

The nanoscale resolution of SICM, as well as its non-invasive
nature, enabled us to study the organization of the membranes
of live cells and compare them with drug treated cells under-
going apoptosis mediated by cisplatin, and we determined the
heights and widths of the bulges formed on the membrane
(Fig. 4e). While our findings have revealed the potential of using
SICM for 3D topographical mapping of single live cells before
and after triggering apoptosis with anticancer drug, various
avenues for future research are still open. For example, the use
of SICM to explore the correlation between membrane rough-
ness and different concentrations of anticancer drugs could be
used in the discovery process of new anticancer drugs.

This journal is © The Royal Society of Chemistry 2024
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Fig.4 The SICM topography of the edge of the membrane regions of
single A549 cells. (a(i) and (ii)) —Cisplatin cells have their processes
(which form lamellipodia) displayed on their membrane, (b(i) and (ii))
while drug-treated cells have shown loss of lamellipodia as well as
displaying an increase in height after 24 h treatment with cisplatin. (c)
The line scan of the SICM image of the side of the cell before and after
cisplatin treatment, and the corresponding SICM images are in Fig. S6.1
(c(i)) Shows the absence of membrane bulges before treatment and
(c(ii)) the appearance of a membrane bulge after drug treatment. The
height of the bulge formed on the membrane is greater than the
membrane roughness of the untreated cell. (d) The heights of healthy
single A549 cells are significantly different from the heights of cells
treated with cisplatin (****P < 0.0001, n = 5). (e) The mean =+ SD of the
height and width of membrane bulges after treatment with cisplatin (n
= 5). Scale bars in the optical images are 25 pm.

3.4 Estimation of the volume changes of A549 cells due to
cisplatin

Cell volume is a crucial parameter in studying biological
processes such as cell death.®® According to Korchev et al., “the
investigation of the pathological and physiological processes
associated with volume regulation requires the use of an
appropriate technique that allows quantitative, high resolution
characterization of cell volume while retaining the cell func-
tionality.”®* To the best of our knowledge, the effect of cisplatin
on the volume of single A549 cells has not yet been reported.
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Fig. 5 Mapping of the roughness of the cell membrane of a single
A549 cell, before and 12 h after treatment with cisplatin. High reso-
lution SICM image of the membrane of live A549 cells prior to treat-
ment with anticancer drug (a(i)), then showing the roughness of the
membrane increased following treatment with cisplatin after 12 h (aii)).
(b(i) and (ii)) Optical microscope images showing the corresponding
region of the membrane scan before and after 12 h treatment with
cisplatin, where all scale bars are 10 um. (c) Line scans of the cell
membranes, that correspond to the dashed white lines in part a, for
a cell not treated with cisplatin (i), where a membrane forms a bulge
after 12 h (ii). (d) Schematic showing the effect of cisplatin on the
membrane of A549 cell.

However, studies by Xie et al. have revealed the effect of
cisplatin on the volume of tumor xenografts generated from the
treatment of mice with a suspension of A549 cells, where the
xenograft volume decreased significantly over 20 days compared
to mice treated with saline only.*® We have used SICM for
volume calculations of the A549 cells (Fig. 6a), where to calcu-
late the volume, the height of the Petri dish substrate (z(x,
Y))substrate 18 defined as zero , while the height of pixels on the
cell membrane (2(x, y)cen) are greater than zero. Hence, the
volume of the cell can be calculated using

n

Vcell = Zz(xvy)cell X dycell X dxcell (3)
1
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where V. is the single cell volume, n is the total number of
approaches that form the image, z(x, y) is the height at each
pixel, dx..;; is the width of the pixel, while dy.e) is pixel length
(i.e. hopping distance).

Our data have shown time dependent alteration of the
volume of the same A549 cells mapped over 3 days. Using one-
way ANOVA, we compared the mean volume of —cisplatin cells
with the mean volume of +cisplatin cells over 3 days at 12 h
intervals (Fig. 6b). The volume before treatment is not signifi-
cantly different (P > 0.05) from the volume after 12 treatment
with cisplatin, and the change in volume becomes greater over
time. After 72 h treatment with cisplatin it is significantly
different (P < 0.0001).

This decrease in volume is due to the shrinkage of cells
associated with the disintegration of the cell membrane from
the cell body into smaller fragments after treatment with
cisplatin, as well as a decrease in the height of the cell (Fig. S4
ESI{). During the membrane disintegration, the fragments of
the membrane detach from the cell body and move into the cell
culture media (Fig. S4t). The volume of A549 cells fluctuates
during apoptosis, due to the formation of bulges on the
membrane (which increases the cell height), disintegration of
the bulges from the membrane (which decreases the cell height)
to form an apoptotic body, and further formation of new
membrane bulges. According to Model, cells undergoing
apoptosis can lose their volume either through apoptotic body
formation or loss of water.®® The Na'/K'-ATPase participate in
the decrease in volume during apoptosis, characterized by
increased efflux of K', CI~ and organic anions, resulting in the
loss of water by cells.*”

In addition to tracking the same single cells over 72 hours,
we also revisited the two groups of A549 cells presented in Fig. 2,
to compare the volume of cells treated with PBS to those treated
with cisplatin. For these two different groups of cells, the
volume was recorded by SICM after 24 h (Fig. 6¢), and inter-
estingly, even after a decrease in width of the drug treated cells
(Fig. 2), there was no significant change in the volume after
24 h. Given the heterogeneity of single cells, it is important to
track the same single cells over time (as in Fig. 6b) rather than
groups of different cells (as in Fig. 6c). Our findings are
consistent with the studies of Pan et al., where they revealed the
impact of cisplatin on tumor volume, in which tumors treated
with cisplatin have shown significant decrease in volume over 5
days.*®

Some studies have reported that cell shrinkage is associated
with loss of water by the cell, tightly packed organelles and
dense cytoplasm,*” and decrease in volume known as apoptotic
volume decrease (AVD).”® However, other studies conclude that
when there are changes in the morphology of single cells,
especially a decrease in the overall size, then there is cell
shrinkage. For example, Van der Mereen et al.,”* Pal Singh
et al.,” and Elmore® have reported that cell shrinkage in cancer
cells treated with anticancer drugs is associated with changes in
the morphology of cells, characterize by decrease in the length
and width of a cell, without showing volume change. Our
findings have shown that a cell can display decrease in size
(decrease in width and length) after apoptosis, but the height

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The measurement of the volume of A549 cells using SICM. (a) The concept of using SICM for the calculation of volume of cancer cells.
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over the Petri dish (substrate) are defined as zero, so non-zero heights are recorded over the cell membrane. (b) Dynamic changes in the volume
of the same single A549 cells over 3 days (n = 4 from —cisplatin to 24 h after treatment with cisplatin, and n = 3 from after 36 h treatment with
cisplatin to after 72 h treatment with cisplatin). (c) Changes in the volume of A549 cells after 24 h treatment with PBS/cisplatin. (ns = not

significant, n = 10).

might increase as well, which might not result in a significant
change in volume. A higher significant change in volume is seen
when the height and the size of the cell decrease. We recom-
mend that cell height should be monitored during apoptosis to
distinguish between different stages of apoptosis that leads to
effective volume decrease. However, we have found that despite
the decrease in overall size of cells in our studies as shown in
Fig. 2 and 3, the height of the cells increases, which doesn't
necessarily mean that volume decreases. We have revealed that
a decrease in the overall width of the cell as well as decrease in
height leads to overall shrinkage of cell and a volume decrease.

This highlights the benefit of using a non-invasive and label-
free technique for the 3D studies of cell volume during
apoptosis, as the height of a cell can be obtained. Scanning laser
confocal microscopy (SLCM) is considered as one of the stan-
dard ways of measuring cell volume.*> However, photodynamic
damage poses a serious challenge in this technique for cell
volume measurement,®” especially for a long duration study of
the same cell. The use of SICM for volume measurement will
offer several advantages such as ensuring the physiological state
of the cell is minimally disturbed. We have shown the use of
a label-free technique for the acquisition of data for use in the
calculation of volume of single A549 cells induced with
cisplatin, which contributes to a better understanding of the
mechanism of cisplatin on A549 cells.

Finally, we have demonstrated the use of SICM for the
mapping of the topography of drug treated cells, to gain more
insight into the potential of SICM to study apoptosis. Future
studies on the effect of anticancer drugs on the dynamic
changes in the morphology of filopodia and lamellipodia using
SICM and other complementary techniques is recommended.
The label free and noninvasive nature of SICM offers the
advantage of longitudinal tracking of the morphology of single
cells in physiological conditions, without damaging them as
well as capturing the real height of live cells before and after

This journal is © The Royal Society of Chemistry 2024

treatment with the drug. SICM could be useful in the under-
standing of the heterogeneity of cells in response to anticancer
drugs, with its ability to map individual single cells from
a population in a few minutes. The use of SICM for mapping
mechanical properties has also been reported,* and future
studies to examine the effect of cisplatin on the stiffness of the
cell membrane of A549 cells are suggested. Nanopipettes for
sensing have been reported to be used for intracellular
measurements.”* The effect of the drug induced stiffness of
the membrane on the insertion of a nanopipette for intracel-
lular measurement can also be investigated.

4. Conclusions

We have studied the 3D morphological changes in the topog-
raphy of cisplatin treated single A549 cells using SICM, to
explore the potential of the technique in drug efficacy studies in
cancer cells. Studies of the morphological changes induced by
cisplatin have revealed cell shrinkage, formation of membrane
blebs, and membrane disintegration, which are all regarded as
hallmarks of apoptosis. We have also found that the height of
cisplatin treated A549 cells increased during apoptosis, fol-
lowed by a decrease after 48 h of cisplatin treatment, which has
not previously been reported. Over three days, dynamic studies
in the same single cells were achieved due to the label-free and
non-invasive nature of SICM, where 3D images are captured in
the physiological environment of the cells. High resolution
(200 nm lateral resolution) mapping of a small membrane
region within the cell body of A549 cells has revealed the pres-
ence of membrane bulges, which are known to form apoptotic
bodies. We have also used SICM for the first time to study the
dynamic and static changes in the volume of single A549 cells
before and after treatment with cisplatin, where we found that
decrease in size of cells together with an increase in height does
not increase the volume of A549 cells, while size decrease
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associated with decrease in height has drastically decreased the
volume of A549 cells. Using SICM, the dynamic changes in the
morphology of cells before and after treatment with drug can be
followed with minimal perturbation to the physiological envi-
ronment of the cell.
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